I. INTRODUCTION
Crystalline SrTiO 3 (STO), as a high-permittivity (highj) material, is a promising candidate to replace SiO 2 as the dielectric layer for the next generation microelectronic devices.
1,2 It is also commonly used as a buffer layer material for the integration of a variety of functional oxide films on Si.
To avoid the formation of amorphous SiO 2 layer as well as to promote the epitaxy growth of STO films, a submonolayer of Sr is usually deposited on Si before growing crystalline STO. [3] [4] [5] Studying the atomic configuration of Sr-terminated Si(100) surface is therefore important for understanding the mechanism of epitaxial growth of STO toward the integration of oxide films with Si.
The interface structures induced by the adsorption of alkali earth metals (Ca, Sr, and Ba) on Si(111) have been studied extensively. The reconstruction phases such as 2Â3, 1Â2, and 2Â4 have been reported with the studies by low energy electron diffraction (LEED) and scanning tunneling microscopy (STM). [5] [6] [7] [8] [9] [10] [11] [12] However, the knowledge of the atomic configuration and electronic structure of Sr on Si(100) has not been consistently established. The coverageinduced structural phase transitions of the 2Â1 Si-dimer to 2Â3-Sr and to 1Â2-Sr reconstructions were observed with Sr adsorbed on Si(100) at an elevated substrate temperature. 5 an X-ray standing wave investigation suggested that the original 2Â1 Si dimers are intact, while the Sr atoms are directly adsorbed between adjacent Si dimer rows to form the new reconstructions. 6, 7 On the other hand, Du et al. 12 concluded that the original Si dimers are partially removed based on their STM and density functional theory (DFT) calculations. With reflection high energy electron diffraction (RHEED) analyses and first principles calculations, Reiner et al. 5 and Garrity et al. 13 confirmed the partial removal of the Si dimers. But they proposed a very different structure model. Moreover, the high Sr-coverage 1Â2-Sr structure is far from being clear and the transition mechanism from 2Â3 to 1Â2 is still unknown.
In this paper, we report a systematic study on the evolution of the Sr-adsorbed Si(100)-2Â1 surface with increasing coverage by STM and RHEED. The bias-dependent, high resolution STM images on the 2Â3-Sr structure support Reiner's dimer-vacancy model. 5 Furthermore, a coverageinduced transition from 2Â3 at 1/6 monolayer (ML) of Sr to 1Â2 at 1/2 ML was observed, which can be well explained based on the same structural model.
II. EXPERIMENTS
The experiments were performed in a dual-chamber system equipped with molecular beam epitaxy (MBE), STM, and RHEED. The base pressure was 5 Â 10 À11 Torr. The Si(100) samples were cut from a commercial n-type Si(100) wafer (phosphors-doped, resistivity: 0.7 Xcm). The samples were cleaned by standard flashing to 1200 C by a direct current heating. This yielded well-ordered Si(100)-2Â1 surfaces with a low density of vacancies on which Sr were deposited at a flux of 0.12 ML/min [here ML refers to the atomic density of the Si(100) plane] at the substrate temperature of 660 C. The Sr coverage was calibrated by assuming the Sr coverage in the 2Â3-Sr phase to be 1/6 ML. To confirm the uniformity of the surface and provide additional information about the surface reconstructions, RHEED patterns were recorded in situ during deposition (in the h011i azimuth). After cooling down to room temperature, the sample was investigated by STM. The STM images were recorded in constant current mode with an electrochemically etched W tip. To identify the registry of the 2Â3 structure with respect to the clean Si(100) substrate, we deposited Sr atoms on the Si(100)-2Â1 surface with an amount less than 1/6 ML. Figure 1 (c) shows a filled state STM image of the sample with 0.094 ML Sr, where the 2Â3 phase only partially covers the surface. Three Si(100) terraces are observed in this image area, and on each terrace, the clean Si(100)-2Â1 and the 2Â3-Sr phases coexist, where the 2Â3-Sr phase appears a bit lower than the Si(100)-2Â1 phase. Importantly, the Si(100)-2Â1 dimer rows and the 2Â3-Sr rows are perpendicular to each other within the same terrace, in contrast to the STM observation by Du et al. indicating they were parallel to each other. The reason for this discrepancy is that in their study, they prepared a surface almost fully covered by 2Â3-Sr, leaving only small Si(100) domains near the step edges. Therefore the Si(100) domains in adjacent terraces might be difficult to distinguish. Our observation is consistent with the STM observation of 2Â3-Ba on Si(100), 10 noting that Ba and Sr have similar adsorption behavior on Si(100).
III. RESULTS AND DISCUSSIONS
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To further resolve the atomic structure of 2Â3-Sr, we performed a high resolution, bias-dependent STM study of the 2Â3-Sr surface, as presented in Fig. 2 . The image was scanned from bottom to top, during which time the bias voltage was varied four times. The resulting STM image can be divided into five sections, obtained with different bias voltages as marked in the image. It shows that each 2Â3 unit cell contains a pair of protrusions. They appear roughly equivalent in filled state images (for example, at À1.5 or À2 V), while in empty state images, they look rather different, strongly depending on the bias. The bright protrusion at small bias (1 V) becomes dark at high bias (2 V) and vice versa.
To explain our experimental results, we sought for structure models that meet two criteria: (1) the 2Â Sr rows should be rotated by 90 with respect to the original 2Â1-Si dimer rows, and (2) it should be consistent with the observed bias dependence of the STM images. The model proposed by HerreraGómez et al.
14 favors intact Si 2Â1 dimers, and Ba adatoms are directly adsorbed between the Si dimer rows forming Â3 periodicity at low coverage or 1Â periodicity at high coverage. Indeed, the theoretical calculations 13, 15 also showed that the adsorption of alkali earth metal atoms between Si dimer rows is energetically quite favorable. However, this model suggests that in the high-coverage 2Â1-Sr phase, the 2Â1-Sr rows are rotated 90 with respect to the 2Â3-Sr rows, which contradicts with our observation that they are parallel to each other as will be shown in the following. Reiner et al., 5 Du et al., 12 and Garrity et al. 13 proposed another type of models, where the original 2Â1 Si dimers are partially removed and the second layer Si atoms re-dimerize with Sr adatoms adsorbed on top. The difference between them is that in Du's model, the 2Â3-Sr rows are parallel to the original Si dimer rows, whereas in Reiner's and Garrity's models, they are perpendicular to each other. Our STM observations agree with Reiner's model very well. In the right panel of Fig. 2 , we attach the simulated STM images as in Garrity and Ismail-Beigi 13 to show the good agreement with our experimental observations. For examples, in the simulated filled state images (À1 V), the two protrusions in a unit cell appear roughly equivalent. While in the empty state images, at small bias (0.5 V), the left protrusion appears brighter, at medium bias (1 V), they reach roughly equal brightness, and at high bias (1.5 V), the right protrusion becomes brighter. This characteristic bias-dependence agrees perfectly with our experimental observation of the relative brightness evolution from 1 to 1.5 and 2 V, although the absolute value of the bias voltage may shift slightly due to different tip conditions. According to the calculations by Garrity et al., the two protrusions in a unit cell in the empty state images originate from the p z orbitals of the original Si dimer and the Sr states, respectively. The empty Sr states have higher energy and are more extended from the surface than the p z orbitals, resulting in the bias-dependent contrast between the two protrusions.
Furthermore, we increased the Sr coverage and observed the phase transition from 2Â3-Sr to 1Â2-Sr. When the Sr coverage exceeds 1/6 ML, the 1Â2-Sr phase starts to develop, consistent with previous LEED and RHEED experiments. 5, 11 Figure 3(a) shows a filled-state image of the Si(100) surface with 1/4 ML Sr deposition, on which the 2Â3 and 1Â2 phases coexist with each other. The corresponding RHEED pattern also reveals the mixing of Â2 and Â3 fractional diffractions in consistent with the STM observations. A closer inspection, as shown in Fig. 3(b) , gives more detailed information about the structural arrangement of the two phases. The 1Â2-Sr phase consists of discontinuous chains oriented parallel to the 2Â Sr rows, which can be attributed to the removal of the remaining Si surface dimers. When all the remaining Si dimers in the 2Â3 structure are removed, the subsurface Si atoms re-dimerize entirely, yielding new Si dimer rows perpendicular to the original rows. The Sr adatoms adsorbed in the troughs between the Si dimer rows form a stable 1Â2 structure, as depicted in Fig. 3(d) , which is rotated by 90 with respect to the original 2Â1-Si rows. 13 By further increasing the Sr coverage, we obtain the 1Â2-Sr rows with reduced discontinuity and eventually the monophased surface in the 1Â2-Sr phase forms at the coverage of 1/2 ML, as shown in Fig. 3(c) . It is thus indicated that the broken points in the 1Â2-Sr rows are Sr vacancies.
IV. CONCLUSION
In conclusion, we have explored the different reconstructions induced by Sr adsorbed on Si(100) surface at elevated temperature. With the Sr coverage increasing from 0 to 0.5 ML, the transitions from 2Â1-Si to 2Â3-Sr and then to 1Â2-Sr were observed. Our bias-dependent, high resolution STM images unambiguously support Reiner's dimer-vacancy model for the 2Â3-Sr reconstruction. Furthermore, we showed a coverage-dependent evolution of the surface from 2Â3-Sr to the 1Â2-Sr phase that can be nicely explained by extending the 2Â3-Sr model to the 1Â2-Sr. This work clarifies the structure of the Sr/Si(100) interface and is helpful for understanding the mechanism of epitaxial growth of functional oxide films on Si. 
